Recent advances in studies of the reciprocal interactions between honeybees and their combs are reviewed. Wax secretion is age-related, varies with season, is unaffected by the queen, juvenile hormone or the corpora allata but is enhanced in swarming. Comb building is enhanced by the queen. Nest structure can be explained as a self-organization process as can the patterns of brood, honey and pollen. The comb and its contents provide gross information to the colony as to crowding and space which affect brood rearing, energy consumption and comb building. Significant chemical and physical changes occur in the wax during comb building and during its subsequent use. Comb mediates pheromonal cues for cell capping, repairs and queen cell construction, nectar forage, colony defense and colony odor. Mechanically, the combs transmit vibrational signals in the waggle dance and recruitment of new foragers. &copy; Inra/ DIB/AGIB/Elsevier, Paris honeybee / combs / pheromones / sound / self-organization * In memoriam: R. Darchen
INTRODUCTION
The exquisite structure of the combs of honeybees reflects something of the complex behavior needed to have made them.
But far from static, the combs constitute a dynamic system that is reciprocally interactive with honeybees. In consequence, both undergo continual changes in elaboration and organization as the cycle of the colony and its nest unfolds. As more knowledge about bees accumulates the notion of 'reciprocal interactions' between the bees and their combs becomes increasingly obvious. Sometimes these interactions are simultaneous, other times they may be primarily 'bee-to-nest' or 'nestto-bee'. Unraveling these intricate patterns and processes sometimes seems intractable. However, fresh insights into old problems always renew impetus in the centuries-old quest of comprehending honeybees in a predictive way.
This review is admittedly unbalanced in several ways. There is no focus on the dual functions of comb in brood rearing and for storage, nor allusion to the problems of allocation of drone and worker cells. Nor, is the problem of maximizing reproductive output with a minimum investment in wax considered. It simply reports recent developments on 'comb-bee' interactions since this topic was last comprehensively reviewed (Hepburn, 1986) . These specifically include the dynamics of comb building, the material properties of the combs, the regulation of comb building and cycle of wax secretion, and how the contents of the combs become distributed. Greater developments have occurred in areas where combs form a basis for chemical and acoustical communications and these are stressed.
2. COMB BUILDING 2.1. Nest cavity All of the cavity-dwelling honeybees have extremely wide tolerances on the acceptability of a potential nest site in terms of volume; but the European races prefer a volume of about 40 L (Seeley and Morse, 1976) while the African races prefer a volume of some 20 L as measured directly in nature (McNally and Schneider, 1996) or in choice preference tests (Berg, 1996) . In any event, the nest cavity imposes constraints and the colony is absolutely bound in three dimensions by its particular conformation. As the combs increase in number and size they must bear correspondingly larger loads of brood and stores as well as accommodate the thermal and respiratory needs of the colony.
Additional insights are to be gained about cavity filling from experimental studies of transitional hive design where the main objective is to eliminate all but the top bar of a conventional hive frame, but at the same time to avoid comb attachments to the cavity wall that interfere with beekeeping practice. Interesting results that bear on this problem come from such a study by Budathoki and Free (1986) . If one regards their manipulated frame sidebars as surrogate cavity walls, then as the slope of the cavity changes so does the principle of attachment. The greater the angle of departure is from the vertical, the lesser the degree of attachment. Similarly, with greater slope, the distance from the comb base to the attachment site increases.
Least comb is attached to a continually curved surface.
Comb development
Primed for comb construction in a new nest cavity, workers often begin to build simultaneously at several different sites.
But the orientation of the bees in the festoons form a parallel, flexible scaffolding that predetermines the coordinates of further construction (Darchen, 1968) . The whole process of development of the threedimensional structure can be interpreted as a self-organizing system of bee-bee and bee-comb interactions (Belic et al., 1986) . This model has captured the essential features of comb construction and by-passes the need for any dependency on an intrinsic blue-print in honeybees (figure 1 ).
While the midwalls of neighboring combs may be far from parallel, the distances between them eventually reflect the bee space tolerances typical of the race constructing them. Analyses of these constructions show that the building toler-ances of honeybees are wide and that many steps in construction are independent of one another (Hepburn, 1983 (Hepburn, , 1986 ). However, once two or three combs have begun to be built, the relative positions of new combs have effectively been determined (figure 1). To achieve parallelism the bees adjust cell length and introduce irregular cell bases and if these manipulations are not adequate to meet their tolerances, additional combs may be inserted to this end (Hepburn and Whiffler, 1991) . All that is required is the backto-back proprioception of two workers who can estimate the length of a straight line segment.
MATERIAL PROPERTIES OF COMBS

Mechano-chemical changes
Order of magnitude differences in the mechanical properties of wax scales and comb wax and their texture-adjusted films clearly indicate that the process of comb building involves chemical modification of the waxes (Kurstjens et al., 1985) . Further analysis of the protein fraction revealed some 17 bands in the electrophoretograms, some unique to each wax (scale and comb) and others shared (Kurstjens et al., 1990) . Two inferences were made from the data: two fractions common to both waxes are of similar molecular weight to other insect lipophorins and they may be gland-to-surface transport proteins. In the mastication of wax scales additional protein is added, presumably lipases, because comb has a higher monoacylglycerol content than the diaclyglyceride-richer wax scales (Davidson and Hepburn, 1986) . The latter effect is to increase the degree of saturated bonds in comb thus contributing to better stiffness (Kurstjens et al., 1990) .
Since lipolytic enzymes added to the wax by the bees require an aqueous medium, a source of moisture needs to be present in the wax medium. Given an aver-age relative humidity in a hive of about RH-50 (Simpson, 1961) , moisture is available as a by-product of respiration, thermoregulation and dehydration of nectar. Also required is a means to deliver this moisture into the wax. Recently, Donhowe and Fennema (1992) demonstrated that the water vapor permeance of beeswax films is sufficient to deliver 1.7 g water per kg wax into the comb structure. They further pointed out that although beeswax is primarily hydrophobic, the esters, hydroxyl groups of free alcohols and the carboxyl groups of free fatty acids are hydrophilic. Physical effects of wax hydration would include matrix swelling and an increase in the diffusion coefficient of the wax (Donhowe and Fennema, 1992) .
The modifications of comb performance by the presence of proteins and water can now be related to the material properties of combs as they evolve in the nest (Hepburn and Kurstjens, 1988) . In the course of its development new comb wax is an isotropic plastic whose mechanical properties depend heavily on temperature. In time, generations of larvae introduce silk into the waxen structure in a random alignment to achieve equal properties in all directions. Thus, with use the comb becomes a fiber-reinforced composite material which exhibits properties entirely different from the individual components. The addition of silk greatly improves the load-carrying capacity of the combs (Hepburn and Kurstjens, 1988) . Although not a theoretically ideal stiff plate structure (Nachtigall and Kresling, 1992) , the mature comb is nonetheless a remarkable compromise between technical construction and the biological purposes it serves. A flow diagram for the conversion of wax scales into comb is shown in figure 2.
Finally, some recent discoveries about comb chemistry have been made but their significance is not yet apparent. Puleo (1991) summarized the details of the minor constituents of beeswax and listed some 117 compounds derived from propolis and also commonly found in comb wax. Of these, 41 are specifically associated with wax aroma. Similar reports on compounds derived from propolis have appeared (Seifert and Haslinger, 1991; Tomas-Barberan et al., 1993) . Of considerable interest is that Brand-Garnys and Sprenger (1988) analyzed the simple esters and hydrocarbons of beeswax using high resolution gas chromatography and found that 16 subspecies of A. mellifera could be unequivocally recognized by their chemical signatures. Circumstantial evidence suggests that some of these components may help define different dance arenas (cf below).
Thermal properties
Another extremely interesting aspect of the bee-comb relationship is that between a thermoregulated temperature of about 35 °C and the workability of the wax. Over the range of temperatures encountered in different areas of the nest the amount of energy required to work the wax into comb at 35 °C is half that at 25 °C which is an energetic savings (Hepbum, 1986) . At new comb building sites, often away from the main cluster especially as the nest expands to several combs, the festoons provide some of their own ambience of warmth at about 35 °C because the temperature difference between a festoon and the main cluster may be some 5 °C (Hepburn and Muller, 1988 ).
The thermal properties of combs in relation to colonial heat balance, part of the entire energetic equation of a colony, were explored by Southwick (1985) . He measured the thermal conductivity of isolated comb and found that while the combs provide insulation, the clustering behavior of the bees actually increases the insulat-ing effectiveness of the combs. When there is a compact layer of bees on the combs, conductivity can be reduced by an order of magnitude. Given the conductivity of wax combs and bees clustered on and between them, insulation of the combs is the combined effect of combs and the behavior of the bees themselves (Southwick, 1985) .
REGULATION OF COMB BUILDING
Seasonality
It is well established experimentally that newly settled swarms are prodigious comb builders (Lee and Winston, 1985; Hepburn, 1986) , but in a temporo-spatial framework, comb building only reaches parity with other wax working (capping and repairing) at the height of the colony growth cycle (Muller and Hepburn, 1992) . Comb building is conducted in different areas of the nest by many individuals, some clustered in festoons others not, while other wax works are often the efforts of individual bees (Lindauer, 1952) .
Changing ratios of what work and where it is carried out can be assessed by following the raw wax in a colony with the changing seasons. Muller and Hepburn (1992) found that in the course of a year as much wax is found in festoon bees as in bees elsewhere among the combs but seasonal pictures are quite different ( figure 3 ). It appears that wax-bearing bees can be found in the right places at the appropriate times. The wax bees shift from one area of the nest to another, for example, with heavy nectar flows for honey cell capping or to areas requiring brood capping. This ensures a close correspondence between comb area 'needs' and the presence of bees with wax scales. Although not all would agree (Fergusson and Winston, 1988 ) the distribution of these wax bees is largely predicated on an underlying age-based cycle of glandular secretion .
The effects of storage space
That strong nectar flows fuel comb building is an old principle of beekeeping and a proposed explanation for the relationship was formulated by Butler (1954) . He argued that the greater the influx of nectar into the colony, the longer the house bees must retain it. This, of course, requires the right combination of available storage space and ratio of foragers to house bees. Serving as distended reservoirs over time, these bees assimilate some of the nectar sugar and become stimulated to secrete wax. This sensible idea has proven far easier to appreciate than to test. Using queenright colonies in which comb available for nectar storage was experimentally reduced or entirely eliminated, a correlation between engorgement of the honey stomach and wax secretion was obtained (Hepburn and Magnuson, 1988) . This experiment did not distinguish between physical distension of the honey stomach and the time such a bee might spend in trying to disgorge and store the nectar. Nonetheless the observation is indirectly supported by experiments in which either the deprivation of combs (Fergusson and Winston, 1988) or lack of sufficient storage space (Seeley, 1995) both lead to increased foraging, accelerated wax secretion and, ultimately, comb building. Collectively, the experimental data lead to a simple feedback system: forager dancing effectively recruits more nectar-foragers;
when this nectar is difficult to off-load, a special tremble or stop dance is performed which inhibits further recruitment (Seeley, 1992; Nieh, 1993) .
During comb building there are concomitant changes in population size, density, nectar and pollen influx which reflect honeybee-comb interactions. Of these, Harbo (1988) examined the relationship between colony size, brood production and combs for colonies that were totally equalized. He found that those colonies which had produced the largest amount of comb had also produced the largest number of brood and adult workers. To separate queen from comb effects, a second experiment was performed using large and small combs as the variables of interest. Comb effects were significant (queens not) and small combs resulted in reduced brood production.
But there is more to a colony in a cavity, and the variables richer than had been assessed. Harbo (1993) extended his findings to assess the effects of nest cavity (hive) volume on growth and productivity by adjusting the population density against volume. In winter, crowded bees consumed less honey per bee and reared less brood than the less crowded colonies. During the flows of spring through autumn, the crowded colonies produced more honey but less brood than the less crowded ones. In another experiment, comb effects were tested against space effects. Both affected brood rearing and honey production. Colonies with combless extra space produced less honey and more brood than those with the same amount of comb but less space (Harbo, 1993) . These results complement those of Taranov (1959) and Szabo (1977) who had shown that brood production and comb construction are not competitive activities: the exclusion of one activity does not accelerate the other.
Nectar and pollen
With an age-related division of labor mechanism for wax established, one must consider the development of whole colonies in a seasonal and interseasonal context. It is a common observation that the comb is built in response to colony need especially given a strong nectar flow. For example, Seeley (1995) reports the results of some interesting and pertinent experiments. In observation hives in which the manipulated variable was the amount of nectar on hand, comb building was initiated during an artificial flow when the honey storage cells were nearly full. Duration of the comb building activity was a function of both intensity and duration of flow. This routine principle of commer-cial beekeeping has now acquired additional experimental support (Seeley, 1995) .
The fundamental importance of pollen as a source of protein for wax secretion has long been established [cf. references in Hepburn (1986) ]. However, bee-comb interactions with respect to pollen have been little studied. Camazine (1993) reported on a series of experiments to elucidate how a colony might regulate pollen forage: 1) direct assessment of pollen stocks by individual foragers; or 2) indirectly in which one group, house bees, might make such a determination and somehow inform pollen foragers accordingly. In one experiment pollen supplementation led to a reduction in pollen forage; another showed that foragers do not require direct contact with pollen stores to adjust their foraging. Subsequent experiments to assess the role of pollen odor were conflated by brood odor. So while the basic approach remains viable, this problem must be solved in future analyses.
The queen
Other indirect evidence for the Butler mechanism comes from studies of swarming and absconding. Comparisons of workers from natural swarms, heavily engorged with nectar, with those of settled colonies demonstrated that more swarm bees bore wax (not amount of wax per bee) than their settled counterparts. It also transpired that there were no measurable differences in the pheromonal bouquets of the mandibular glands of the relevant queens (a decade ago the general explanatory panacea for queen-worker interactions) which cast doubt on their efficacy in stimulating wax secretion . Likewise, in absconding colonies, just as many bees bore wax when headed by free-running queens as those lacking physical access to her presence because of a cage of double-gauze (Hepburn, 1988) .
Thus, the possible importance of the queen for wax secretion needed to be addressed systematically. This was achieved in a series of experiments employing various queen states: queenless, mated and virgin queens as well as dead ones to obtain a pheromonal spectrum. Experimental manipulations included surgical ablation and occlusion of the mandibular and tergal abdominal glands, respectively, and the use of division boards to restrict the access of divided colonies to different parts of the queen's body. At the end of the trials the amount of wax recoverable from festoon bees did not significantly differ: the physical and chemical queen had no measurable effect on wax secretion but did on comb building (Whiffler and Hepburn, 1991a) . That as much as half of the standing stock of wax scales is distributed among non-festoon bees was only discovered somewhat later (Muller and Hepburn, 1992) .
The cycle of wax secretion
These experiments had been performed in different seasons with varying field conditions as well as races of bees, so more controlled information on wax secretion was needed. First, using bees of precisely known age, it was shown that secretion was a continuous process, there was no diel rhythm (Hepburn and Muller, 1988) . This led to a 2-year study of wax secretion in queenright colonies from which the wax scales of some 11 000 bees were recovered and weighed. Wax secretion was parabolically cyclic and related to age: secretion begins at about 3 days after emergence, reaches a peak between 9 and 12 days and wanes between 18 and 21 days . This then filled the gap between the histological observations of Rösch (1927) and the physiology of the secretory cycles.
The cyclical changes of cellular organelles and the chemical composition of beeswax precursors found in the haemolymph (Francis et al., 1989 ) and gland tissues closely coincide with measured, age-related rates of wax secretion . Attempts to alter this cycle by increasing or decreasing the amounts of juvenile hormone and or the addition or removal of the corpora allata had no measurable effect on the onset of wax secretion, its duration or the amount of wax actually produced for this age cohort (Muller and Hepburn, 1994) . Thus wax secretion is one of the division of labor activities for a certain age cohort, but may vary with the proportions of subordinate and dominant workers (Hillesheim et al., 1989) . This coincidence of physiology and behavior parallels other polyethisms such as colony defense Breed et al., 1990) and brood care (Liu, 1989; Crailsheim and Stolberg, 1989) : all are predictable activities correlated with age and cycles of glandular function.
DISTRIBUTION OF COMB CONTENTS
It has been tacitly assumed for centuries that the patterns observable in the arrangement of nest contents is in some mysterious way 'in the nature of bees'. However, the casual observation that pollen and honey are regularly deposited in empty cells within the brood area during the day, only to be removed to their 'proper' places during the night, led to an especially seminal paper on pattern formation in comb use in honeybees by Camazine (1991) . He conducted experiments to validate one of two mutually exclusive hypotheses: 1) a blueprint or template in which patterns develop in some pre-ordained and specified way intrinsic to bees; or 2) a selforganization mechanism in which pattern emerges spontaneously from the dynamic interactions among the processes of placing and then displacing the relevant nest elements.
In a series of classically simple observations and experiments Camazine (1991) noted that the brood pattern is initiated by the laying habits of the queen who must take into account the presence of nearby brood and, perhaps, the comb boundaries. This given, the queen lays eggs and the bees deposit both nectar and pollen haphazardly among the combs in the first instance. Possibly informed by the presence of young nurse bees, the queen does not lay eggs outside of the nascent brood area but continually searches for empty cells near other eggs or brood. Cells in the brood area filled with honey or pollen are preferentially emptied of their contents. This is experimentally shown by a frequency distribution for cell emptying from the brood area. It is a function of distance to the nearest brood cell. Brood cells so emptied of nectar and pollen are then found by the queen who lays in them, and so the pattern develops (figure 4). Camazine (1991) and colleagues then proceeded to develop a computer simulation model to establish pattern-forming rules as estimated from the actual experiments. Using the empirical events from the observation hive as the parameter values, he was able to reveal the interacting processes that contribute to pattern formation. The simulation also produced the final pattern observed in the observation hive and confirms the interpretation of pattern formation. The model and the selforganization hypothesis appear extremely robust and parsimonious. This idea has been further analyzed mathematically by Jenkins et al. (1992) who derived rate constants for the removal and redeposition of honey and pollen in order to achieve their characteristic bands and positions above the brood areas (figure 4).
COMBS AND COMMUNICATION
Queen cells
While there is substantial evidence that wax secretion is not influenced by the status or quality of the queen, comb building and queen cell construction are different matters. The construction of queen cells is contextually quite different from that of combs, but in both the role of the queen is significant. There are two important observations to consider. First, Boch (1979) showed that when a closed queen cell was given to a small queenless colony, further queen cell construction was greatly reduced in comparison to control colonies.
Second, Fell and Morse (1984) demonstrated a rapid decline in the number of new queen cells built following construction of those cells found on the first day after queen loss.
Unfortunately, yet other experiments which implied a pheromonal role for the queen in emergency queen cell construction led to conflicting results [cf. discussion and references in Whiffler and Hepbum (1991a)]. To resolve these problems, these authors measured the effects of queen state on the inhibition of emergency queen cell construction exactly as had been carried out for comb building using freerunning, caged and division board queens (Whiffler and Hepburn, 1991b) . Greatest inhibition of queen cells was achieved in colonies with free-running queens and least in queenless ones. For the former, queen inhibition diminished with increasing impairment of pheromonal function through removal of the mandibular glands and occlusion of the abdominal tergite glands. Nonetheless, there was marked variation within and between treatment groups just as had been found in other studies (Fell and Morse, 1984; Winston et al., 1989; Kaminski et al., 1990 ) and for which there was no obvious explanation.
It is now evident that the inhibition of emergency queen cell construction is not an all-or-nothing phenomenon but is effected as a series of graded responses Engels et al., 1993) . All of the experimental data on this problem can now be accommodated within an interpretation that the relevant pheromonal scent of the queen can be recovered not only from the site of secretion but from all parts of her body, including the legs (Winston et al., 1989; Slessor et al., 1990; Engels et al., 1993) . In this view inhibition of emergency queen cell construction is primarily mediated by pheromones of the mandibular gland spread over the whole surface of the queen as originally supposed by Butler (1954) , as well as by contributions from the tarsal and abdominal tergite glands (Lensky and Cassier, 1992) .
There is also an element of the comb involved in the inhibition of swarming queen cell construction. Lensky and Slabeski (1981) added footprint (or tarsal gland) pheromone to the inhibitory effect. They demonstrated that in populous and crowded queenright colonies that swarm cells are constructed at the bottom edges of the combs because the queen does not move to the edges of the nest. Hence comb edges lack footprint pheromone. When they placed a combination of mandibular gland and tarsal gland extracts on the bottom edges of the combs swarm queen cell construction was inhibited. Similarly, if a fresh comb surface is provided, unmarked by pheromones of the queen, queen cell construction will proceed. Under emergency conditions, the majority of queen cells are constructed in the center of the brood area based on cells containing eggs or larvae (Lensky, pers. comm.) . This also explains the fact that there is no measurable change in the pheromonal bouquet of the mandibular glands of queens whose colonies are preparing to swarm (Seeley and Fell, 1981) . In this case comb wax is the intermediate in the transmission of the inhibitory pheromones.
In this discussion the chemical aspects of the queens' pheromones have been emphasized. Due to the abundance and complexity of these bouquets, the significance of individual and/or permutations of compounds has not been precisely determined. It should also be remembered that the control of queen cup and swarming cell construction is complex and depends on both ecological (temperature, availability of nectar) and biological factors such as worker density (Lensky and Cassier, 1992).
Cell capping and repairs
In studies on the chemical ecology of brood pheromones, Le Conte et al. ( 1990) demonstrated that a series of only four methyl esters (part of a normal pheromonal cocktail produced by queens, workers and drones) is sufficient to induce the capping of cells containing mature larvae. These compounds are multifunctional and differing ratios modulate the feeding behavior of worker bees or lead to cell capping (Trouiller et al., 1991; Trouiller, 1993; Le Conte et al., 1995a) . In the case of queen cells, the developmental progress of the larvae is constantly signaled by the ester ratios. This was confirmed by using substitutes doped with the pheromones (Le Conte et al., 1995b) . Following capping of the doped dummy queens their continued acceptance in the colony depended on their ability to emit the correct esters. Presumably, this also explains the inhibition of queen cell construction in the experiment of Boch (1979) .
There remains the vexing problem of signal specificity. At any given time a substantial portion of the larval population could be emitting capping signals. These might only indicate that there is an area of brood comb requiring the attention of house bees to perform capping. Goetz and Koeniger (1992) reasoned that if capping depends entirely on pheromones then brood cells should be capped according to larval age. Alternatively if capping can be advanced by decreasing cell length, or delayed by increasing it, then larval size in relation to cell depth could be important in triggering capping behavior. They experimentally modified larval distance from the cell opening by artificially increasing or decreasing cell depth. Their results seemed to show that the worker bees responded according to the distance parameter and not age (Goetz and Koeniger, 1992) .
Subsequently, Le Conte et al. (1994) revisited this problem. Having previously shown that workers will cap cells containing paraffin dummies doped with the ester blend of old larvae (Le Conte et al., 1990) they then proceeded to a more thorough analysis of pheromonal (ester) concentration, the position of the larvae in the cells, the effects of ester blends on worker capping and then as pertains to queen cells. Their results showed that capping activity depended on ester concentrations which suggest that the presence of a larva is pheromonally mediated. The position of the larva influences capping, possibly by affecting the head-space of pheromone available to stimulate workers. In tests of blend discrimination, dummies doped with the young larval blend (ethyl esters) were not capped, dummies with the old larval blend (methyl esters) induced capping. The combined results of Goetz and Koeniger (1992) and those of Le Conte et al. (1990, 1994) are not mutually exclusive in principle; rather, more experimentation is needed to establish their possible interrelationships.
The honeybee approach to obstacles and necessary repairs to the combs have been thoroughly documented by Darchen (1968; and references therein) . An interesting idea that Darchen had but apparently never tested, was that once completed cells had been put into use they were primed or painted with some propolisor varnish-like material which inhibited bees from further modifying them. If a piece of comb is excised experimentally, the bees soon repair it, the interpretation being that the inhibitory substance was removed. Chauvin (1992) recently reported that such a propolis-like material occurs on the outer edges of cells and only there. So here too a chemical cue is provided by the combs which direct the activities of worker bees.
Colony odor
Another way in which the bees and their combs interact is in the generation and recognition of a colony odor, an idea from a previous century brought to fruition by Kalmus and Ribbands (1952) . A few years later Juska (1978) contributed further to the identification of nest-mate recognition cues by demonstrating that footprint or trail scents are deposited on the combs from the tarsal glands as the queen moves about. That the scent persists for some time led to the conclusion that it is an additional way of communicating queenrightness. That the combs might acquire and then dispense the chemical signature of the queen is a parsimonious way of producing a general signal. Here, as in inhibition of queen cell construction on the bottom edges of the comb, the integrative signal is mediated through the combs.
The idea of colony odor was pursued with this view by Breed et al. (1988a) who discovered that colony odor (their 'hive effect') is acquired very soon after adult eclosion and, in cross-fostering experiments, the effect of colony odor completely masked genetic differences between the bees. The mechanism for this result was pursued in a second work (Breed et al., 1988b) when comb-conditioned bees were introduced to other related but comb-naive bees, the former were rejected; when the receiving bees were comb-conditioned to the same comb source as the introduced bees the latter were accepted. Whatever the origin of the bees, bees conditioned to the same comb source were more readily acceptable than bees between comb-type transfers.
Although there was no specific control for individual bee odors as such in the Breed experiments, it is reasonable to assume that they would have been overridden when different bees conditioned to the same comb source were found to be mutually acceptable. It is pertinent to recall here that Michelsen et al. (1989) always had to 'condition' their mechanical dancing bees to the hive odor of the test colony in order to stave off attacks on the motorized dancers. Because beeswax is a chemical potpourri, Breed et al. (1988b) repeated the work with a neutral paraffin wax to which scent was added or not and the same kinds of results were obtained as had been with the beeswax.
It remains uncertain, of course, whether the observed effects derive from genetic differences in chemistry of comb source and/or the possible adsorption of environmental odors onto the waxes. The two possibilities are certainly not mutually exclusive. A common mechanism could well be the interaction between shared pools of adsorbed chemical volatiles from the epicuticle of the bee as well as the comb. This kind of mechanism would explain how flower volatiles that change with changing plant forage become incorporated into the colony system of changing colony odor.
Comb wax mediates other forms of honeybee behavior as well. For example, Fergusson and Free (1981) found that the odor of comb alone was sufficient stimulus for workers to release scent from the Nasanov gland, a common source of cluster-inducing pheromone. This is consistent with the fact that honeybees prefer old combs to new ones, possibly because they are dosed with footprint pheromone (Free, 1987) . Comb volatiles also stimulate increased nectar foraging (Rinderer and Hagstad, 1984 ; and references therein), but bioassays of oxygenated comb volatiles were equivocal (Blum et al., 1988) . A final case is that colonies given large amounts of empty comb attack targets twice as fast and often as colonies with little empty comb (Collins and Rinderer, 1985) . Presumably, a surfeit of comb volatiles signals a shortage of reserves and the advantage of protecting them against predators/robbers.
Communication of sounds
Signals or cues arising from the combs include mechanical as well as chemical information. Indeed, following the discovery of the dance language, its mode of actual transmission long remained enigmatic. When potential recruits attend a dancing forager, they periodically emit vibrations against the combs which elicit a response from the dancer to give the emitter a sample of her nectar (Michelsen et al., 1986a; Sandeman et al., 1996) . Similar vibrations, the tremble or stop dance, are made by returning foragers who have difficulty in off-loading nectar to house bees. The signal here may be used as a negative feedback way of reducing further forager recruitment (Seeley, 1992; Kirchner, 1993; Nieh, 1993) and/or as a means of recruiting more nectar-receiver bees (Seeley, 1992) . Finally, queen piping is mediated through vibration of the combs (Michelsen et al., 1986b) . This and the wing vibrations of dancers are perceived by Johnston's organ.
Other bee-comb interactions of a reciprocal nature involve the transmission of vibrations (sounds) for communication.
One of the events that occurs among bees tending a dancing forager is that periodically a worker presses her thorax down on the comb to vibrate it. This often elicits a response from the dancer to give the emitter a sample of nectar (Michelsen et al., 1986a) . The tremble or stop dance (mentioned previously) works acoustically in the same way (Kirchner, 1993) . A third example is that of queen piping in which the quacking element emitted by virgin queens still in their cells is transmitted through the wax (Michelsen et al., 1986b) . In all of these examples, transmission of vibrations or sounds through a medium depends on the density, elasticity and temperature of the substrate. For practical purposes of the honeybee nest, temperature and density can be taken as constants, so that the greater the stiffness, the higher the speed of transmission. Because sound intensity decreases with the density of the medium and with distance, an essentially anhydrous, low density wax is the ideal solid biological medium for sound transmission. Kirchner (1993) indicated some important differences in communication by sounds and pheromones. Vibrational signals allow for the speedier transmission of a signal, a temporal coding element, and localization of the message through rapid attenuation of the signal. Pheromones and other chemical signals are pervasive in distribution and because they follow the laws of diffusion there is a long time constant for the life of the signal (Kirchner, 1993) . A perfect example of this effect lies in colony odor and the intranest transmission of queenrightness. Naumann et al. (1992) have recently shown that some of the queen's mandibular gland pheromonal components secreted on her surface are acquired by workers of the retinue. Workers having contact with retinue bees acquire the signal themselves. However the signal is also spread in footprints from the passage of the queen and workers onto the combs in which it diffuses and is slowly but eventually lost from the system (Naumann et al., 1992) .
The waggle dance
Having seen that the delivery of forage from the field and the further recruitment of foragers are associated with the trans-mission of sound through the comb, one can ask if there are specific sites for waggle dances. Tautz (1996) discovered that foragers that danced on empty areas of comb recruited three times as many dance followers as bees that danced on areas of capped brood. Clearly the recruitment process could be enhanced if some particular site on the comb was mutually recognizable to both dancers and dance followers. Indeed, dancing bees are commonly found on the lower comb near the entrance of observation hives (Tautz, 1996) .
The existence of specific dance sites on combs was very recently demonstrated by Tautz and Lindauer (1997) in a most elegant way with a two-frame observation hive modified to have the entrance half way up the side. After the bees were trained to a non-scented sugar solution in a feeder nearby, the location of dancing bees was noted for several days. Foragers were then marked and allowed to visit the feeders and return and dance in the hive. After a while the feeders were closed and all of the bees were shaken out of the hive and the positions of the two combs switched: upper comb became bottom comb and vice-versa. The bees were then allowed back into the hive, the feeders reopened and the sites of the dancers recorded. All of the dances performed by all 20 of the marked dancers on the combs were recorded before and after switching the comb positions during seven such exchanges in subsequent days. In the total series of seven such comb switches in nearly 90 % of 365 dance episodes, the dancers went to that site on the specific comb on which the dance had first been established, and irrespective of the position of the comb in the hive. Tautz and Lindauer (1997) considered the possibility of the bees using spatial cues but noted that after combs were switched the bees also walked over the combs until they located the site of the first dance before recommencing dancing. They suggested that the rediscovery of a specific dance site would be most parsimoniously explained by a chemical marker (footprint pheromone) that would allow site reinforcement throughout the day but which would fade at night thus allowing the location of a dance site to change with changing conditions in the nest. By the same token, many of the recently discovered volatiles (cf. mechano-chemical changes above) could serve as cues for dance recruits, if they too seek the same dance site after comb switching. This could hold important implications for the analysis of patriline performance in the division of labor.
CONCLUDING REMARKS
The material properties of the comb provide both the structure necessary to accommodate the colony as well as a multi-faceted medium for chemical and mechanical communication. Through their manipulation of wax and then comb, the bees are provided with a system of cues of varying time constants which in turn modify their behavior. In this context, thermoregulation has been evolutionarily crucial in obtaining the best performance of the comb materials and also the enzyme systems of the bees themselves. At the same time, new discoveries of the unique chemical signatures in the waxes of different subspecies and the roles of chemicals in queen cell construction, cell capping and the waggle dance of honeybees may have opened a Pandora's box of unexpected factorial complexity.
Nonetheless, we have progressed far enough to see that virtually the whole of the comb building process and the patterns that emerge from its use can both be explained parsimoniously and predictively by self-organization. This at least eliminates having to impose demands on the neurophysiological capacity or even the genome of honeybees for which there is no evidence. Honeybee society operates in three physical dimensions which vary with the activities of the bees. The entire system is in a constant state of flux in a fourth dimension, time. This is particularly evident in the many reciprocal interactions between bees and their combs as both are born, grow and mature. Further analysis of this n-dimensionality might well profit from the mathematical power of virtual reality techniques.
